Introduction: Within medical imaging variations in patient size can generate challenges, especially when selecting appropriate acquisition parameters. This experiment sought to evaluate the impact of increasing body part thickness on image quality (IQ) and effective dose (E) and identify optimum exposure parameters. Methods: An anthropomorphic pelvis phantom was imaged with additional layers (1e15 cm) of animal fat as a proxy for increasing body thickness. Acquisitions used the automatic exposure control (AEC), 100 cm source to image distance (SID) and a range of tube potentials (70e110 kVp). IQ was evaluated physically and perceptually. E was estimated using PCXMC software. Results: For all tube potentials, signal to noise ratio (SNR) and contrast to noise ratio (CNR) deceased as body part thickness increased. 70 kVp produced the highest SNR (46.6e22.6); CNR (42.8e17.6). Visual grading showed that the highest IQ scores were achieved using 70 and 75 kVp. As thickness increases, E increased exponentially (r ¼ 0.96; p < 0.001). Correlations were found between visual and physical IQ (SNR r ¼ 0.97, p < 0.001; CNR r ¼ 0.98, p < 0.001). Conclusion: To achieve an optimal IQ across the range of thicknesses, lower kVp settings were most effective. This is at variance with professional practice as there is a tendency for radiographers to increase kVp as thickness increases. Dose reductions were experienced at higher kVp settings and are a valid method for optimisation when imaging larger patients.
Introduction
A number of challenges exist when imaging obese patients, not only in the challenges around table weight limits. 1e8 Moreover, radiographers may experience difficulties in transporting and positioning patients together with identifying anatomical landmarks necessary for accurate radiographic centring. In relation to IQ, beam attenuation, low levels of image contrast, lengthy exposure times and motion artefacts are further issues. 4 Image quality (IQ) is likely to be compromised when imaging obese people. As the thickness of the body part under investigation increases the quantity of scattered radiation increases. 6 A number of techniques exist which can sustain IQ, either by increasing the tube currentetime product (mAs), inclusion of a grid or automatic exposure control (AEC). 6 However, increasing the mAs and including a grid results in an increase radiation dose. 5 An alternative approach is to use high tube potentials, but this decreases the image contrast and could adversely affect diagnosis. 6 Understanding the optimum combination of mAs and kVp, when imaging large patients is poorly understood. The aim of this study was to assess the impact of increasing body part thickness on IQ and effective dose (E), and to identify optimum exposure parameters when imaging patients of different sizes during pelvis radiography.
Methods
This phantom based study was conducted at the University of Salford (Ethical approval e HSR1617-142).
Imaging equipment and technique
Before starting the study, quality assurance testing was conducted in accordance with IPEM Report 91 9 An adult lower sectional torso RS-113T anthropomorphic pelvis phantom (Radiology Support Devices, Long Beach, CA) was positioned supine. A fixed collimation field was used with beam centring in the midline, halfway along an imaginary line connecting the anterior superior iliac spines and the symphysis pubis. 10 Obesity was simulated by adding fat equivalent material. Our method was a simplification of the "apples" and "pears" distributions more typically observed in adult body types. 5, 11, 12 This would be where the additional body fat would predominantly accumulate in the anterior structures. Many studies have simulated additional soft tissue material either above or below the phantom. 13, 14 Commercially available animal fat (lard) was placed inside a rectangular plastic box placed on the anterior surface of the phantom (Fig. 1 ). The rationale for using a plastic box was that this was the simplest, and most consistent way to position the fat over the phantom and was also a practical way to add fat in 1 cm increments. Commercially available catering lard was used as the fat equivalent material. 15e18 Validity was established by analysing the computed tomography (CT) density of the fat using a similar method described by Yoshizumi et al., 19 and comparing it against human tissue. The CT density ranged from À78 to À80 Hounsfield unit (HU). Data from the literature reported that the mean ± standard deviation (SD) CT density for abdominal fat, across a range of ages and body compositions, was À93 ± 25 HU.
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Study acquisition parameters were based on local clinical protocols and the literature.
20e22 A control image (no additional fat, both outer AEC chambers, table Bucky, 100 cm SID, no additional filtration and 80 kVp) were used. The resultant image was considered as the reference image for IQ evaluation. Following this, 144 experimental images were acquired, with 1e15 cm of additional fat (1 cm increments), a range of tube potentials (70e110; 5 kVp intervals). All other exposure conditions, including the AEC configuration, remained constant and images were processed using an anteroposterior (AP) pelvis algorithm which would be used during clinical imaging.
Dosimetry
Three exposures were performed for each experimental setup. To minimise random error, three Dose Area Product (DAP) readings were recorded. E was calculated using the Monte Carlo software PCXMC 2.0 (STUK, Radiation and Nuclear Safety Authority, Helsinki, Finland). In order to accurately simulate the differences in body part thicknesses the source to skin distance (SSD) was measured for each fat thickness. With the simulations the weight of the phantom was modified for each one cm increase in fat thickness (one kg increase per 0.96 cm increase in AP diameter). This formula was based on the study conducted by Miyatake 23 assuming a linear relationship between increasing waist circumferences and weight. 24, 25 Moreover, increasing phantom size was not shown to affect the position of internal organs and that they would only be covered by layers of adipose tissue.
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Image quality assessment
Visual image quality A relative visual grade assessment (VGA) method was first selected since it provides the ability to measure subtle changes in IQ. Relative VGA, using bespoke software, 27e32 allowed the comparison of two images simultaneously. This image comparison method has been previously described. 32 Two images were displayed side-by-side, one being the reference image and the other the experimental image under evaluation. Observers were invited to evaluate images using a validated visual scale consisting of 15 criteria (Table 1) . 33 For each image, observers independently graded the different criteria using a 5-point Likert scale (much better, better, the same, worst or much worse than the reference image). Images were presented to participants on two fivemegapixel DOME E5 (NDSsi, Santa Rosa, CA) monitors (2048 by 2560 pixels). Monitors were calibrated to the grey scale digital imaging and communications in medicine (DICOM) standard.
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Observers consisted of six qualified radiographers with clinical experience ranging from 5 to 10 years. Basic vision acuity checks were undertaken on each participant 35 and all observers were blinded to the acquisition parameters. Room lighting was dimmed and maintained at a constant luminance of >170 cd/m 2 .
36 Figure 1 . Experimental setup of the pelvis phantom and additional fat container (scaled 1 cm increments in a plastic box). There is a significant amount of noise in this image.
Absolute grading was also chosen to provide a definitive opinion on whether images were acceptable for diagnostic purposes, thus reflecting clinical practice. Two radiographers, each with more than ten years of reporting experience made a binary decision as to whether images were suitable for diagnosis (yes or no). Within this process, using their professional experience, they considered five anatomical areas which has previously been used for evaluating pelvis X-ray images, these include:
Sacro iliac joints (assessing integrity/ankylosis) Iliacs (bilaterally) (bony lesions) Pubic rami (insufficiency fractures/lesions) Hip joints bilaterally (OA) Proximal femora e suggest intertrochanteric line (bony lesions)
Physical image quality
Signal to noise ratio (SNR) and contrast to noise ratio (CNR) have been used successfully in similar IQ studies.
37e40 Four region of interest (ROIs) were drawn in homogeneous structures on the resultant images, ROIs were positioned in the locations as described by Bloomfield et al. 41 ( Fig. 2) . Two ROIs were drawn in the iliac region and a further two in the femoral region. Both the iliac and femoral regions were evaluated separately. ROI1 would be the mean signal from either both iliac crest regions or from both femoral head regions. We opted to present data from only one region (femora) since both areas generated very similar trends and this simplified the data for analysis. Two further ROIs were selected to represent the background (noise). In order to sample the mean and standard deviation of the pixel values on the images, the computer software ImageJ (National Institutes of Health, Bethesda, MD) was used. ImageJ has previously been used for IQ assessments, 42 are the standard deviation for region 1 and 2 of noise.
Statistical analysis
All data were inputted into SPSS Version 22.0 (IBM Inc, Armonk, NY) for analysis. Study results showed a normal distribution using the ShapiroeWilk test, 46, 47 this was with the exception of optimisation score. Pearson's r and scattered plots were generated to investigate correlations between the relative VGA and physical IQ. All data were expressed as percentage change values relative to the reference image. Inferential analyses, between different tube potentials were undertaken using analysis of variance (ANOVA). P values <0.05 were considered to be statistically significant. Interobserver variability was assessed using an inter-class correlation coefficient (ICC).
Results
The ICC for all six observers was 0.91 (95%CI 0.88e0.93) indicating a high level of agreement. 48, 49 Radiation dose E for the reference image (80 kVp) was 0.012 mSv. However, for the same kVp, with an additional 15 cm fat, this increased by 856% to 1.13 mSv. At 110 kVp, E was the lowest for all fat thicknesses (0.0 cm fat, 0.06 mSv vs 15 cm fat, 0.43 mSv [646% increase]). E was highest using 70 kVp; with 0 cm fat where it was 0.17 mSv, this increased by 1371% when compared to the reference image (1.73 mSv for 15 cm of additional fat).
Among all fat thicknesses there were significant differences in E across all tube potentials, from 70 kVp to 110 kVp (p < 0.05). As fat thickness increases, E increased exponentially (r ¼ 0.96, p < 0.001; Fig. 3 ).
IQ assessment Physical image quality
For all kVp values, SNR and CNR decreased as fat thickness increased (r ¼ À0.6 to À0.8; p 0.01) (Figs. 4 and 5) . 70 kVp had the highest SNR (46.6 at 0 cm and 22.6 at 15 cm) and CNR (42.9 at 0 cm and 17.6 at 15 cm). The lowest SNR was at 110 kVp, 30.2 at 0 cm and 19.6 at 15 cm. The smallest decrease in SNR was at 70 kVp (À106%) across all thicknesses. A similar trend was noted for the CNR but the decrease was greater than that of SNR. When adding 15 cm of additional fat and when using 110 kVp CNR decreased by 64% compared to 50% for SNR.
Visual image quality
Relative VGA showed the highest IQ scores for acquisitions at 70 kVp and 75 kVp. The highest score was at 70 kVp (57.5) and the lowest at 110 kVp (15.0) for all thicknesses (Fig. 6 ). There was a strong positive correlation between SNR/CNR and E (0.99 & 0.99, respectively; p < 0.001). The correlation between E and visual IQ score was r ¼ 0.98 (p < 0.001). Results indicate that there was a strong correlation between physical and visual IQ scores (SNR vs visual IQ score r ¼ 0.97, p < 0.001; CNR vs visual IQ score r ¼ 0.98, p < 0.001). For the binary image decision task (diagnostically acceptable e Yes/No), all images were deemed adequate for diagnosis by both reporting radiographers.
Effective dose
E increased as body part thicknesses increased (r ¼ 0.96; p < 0.001), with highest values at 70 and 75 kVp (0.17 and 0.13 mSv, Figure 2 . Illustrates the four different ROIs (circles) used for the SNR and CNR calculations together with the two background ROIs used to indicate image noise. respectively), whereas high tube potentials generated the lowest E (Fig. 3) .
Discussion
Results from our study indicate that when imaging larger people there needs to be additional modification to radiographic technique. Visual IQ was highest at 70 kVp (57.5), for all body part thicknesses, this does not reflect typical clinical practice where practitioners commonly increase the tube potential as thickness increases. At high kVps (105 & 110) there was approximately a 68% reduction in IQ relative to the reference image. Reductions in IQ at higher kVps could be expected due to the anticipated reductions in contrast and increases in scattered radiation. Importantly, the results from our study raise questions regarding the justification for increasing the tube potential as body part thickness increases.
Similar findings were encountered when reviewing the physical image quality metrics (SNR & CNR). At 70 and 75 kVp the CNR and SNR values were greater (~10%) than the reference image, across all additional fat thicknesses. When reviewing Figs. 4 and 5 there were a number of further trends noted when changing body part thickness on SNR and CNR. For 0e4 cm of additional fat, across all kVps, there was a slight reduction in SNR and CNR. Between 4 and 10 cm of additional fat, there was an increase in IQ (relative to the reference image) and then there was a marked decrease (step) in the physical IQ metrics between 10 and 15 cm of additional fat. Minor increases in additional fat could have been insignificant to cause changes in SNR and CNR up to 4 cm. After 4 cm, the AEC chambers could be better able to compensate for the increase in body part thickness, this could also be supported by the post-processing ability of the DR system which was also able to compensate for an increase in exposure resulting in enhanced IQ. After 10 cm of additional fat there was a decrease in SNR and CNR; this may be due to an increase in the quantity of scattered radiation reaching the image receptor. It was also plausible that the image receptor and electronic post-processing were unable to effectively compensate for the increases in scattered radiation with 10 cm of additional fat in the primary beam and this also had a negative effect on IQ. We do accept that there could be alternative explanations for this trend but are unable to offer these at present. This trend was not clearly evidence on the visual IQ graph (Fig. 6 ) and this may result from physical measures of IQ (SNR & CNR) being more sensitive to subtle changes in IQ. It may have been useful to repeat the experiment to investigate whether this trend persisted, it would also be useful to consider investigating this within a wider programme of research projects to more fully understand changes in body part thickness on digital radiography. Within Fig. 6 it was clear that as tube potential and body part thickness increased IQ declined.
Within the literature methods have been described to overcome the poor penetration of the X-ray photons, one such method is by increasing the kVp 6 but this was seen to have a resultant negative effect on IQ as a result of increased noise. 6 The increase in scattered radiation when using high tube potentials, 1 will also have a negative effect on the overall IQ. Furthermore, increasing the body part thickness increases the attenuation of the primary beam leading to a decrease in IQ as less photons reach the image receptor.
5,50
Findings from our research were similar to Ullman et al., 51 who found that SNR increased when using low tube potentials, however, they only investigated patients of an 'average' size and their study was distinctly different. Using lower kVps is recommended for several reasons, 1) DR detectors have high photon absorption levels, which are increased at low tube potentials.
2) The detector quantum efficiency (DQE) increases as the tube voltage is decreased. 3) the k edge for DR is lower than that of film-screen which means an increase in image quality is seen for low tube voltages. 52 Research has indicated that using high tube potentials decreases the sensitivity of the phosphor plate. Fetterly and Hangiandreou 53 showed that the DQE of CR decreased when increasing the tube voltage (70e120 kVp). 53 A further explanation for decreases in IQ when the tube potential increases is due to higher mean energy of the X-ray photons. At higher energy levels the photon interaction moves away from predominantly the photoelectric effect to an increase in the proportion of interactions involving Compton scattering. 50 Within our results visual IQ scores decreased by more than 60% as body part thickness increased when using high tube potentials. The decrease was less than 20% when using 70 and 75 kVp, even for 15 cm of additional fat. Using 70 kVp provides a superior level of IQ when compared to the reference image when the fat thickness increased up to 10 cm. The results from the radiographer's binary decision task, in which they evaluated the images from a general clinical practice perspective indicated that all experimental images were acceptable, and a clinical decision can be made regardless of the physical and visual measures. It should be acknowledged that the fat with consistently located in the same thickness across the phantom and in clinical practice differences may occur within specific anatomical regions, degrading the image further. But the results would indicate that even images obtained when using high tube potentials were sufficient. Since of the images were considered clinically acceptable across a wide range of acquisition factors, if we take dose into consideration, this means that using high tube potentials when imaging obese patients for pelvis radiography may be the optimum choice and promotes the ALARP principle, but further research is required.
To the authors' knowledge this is the first study to investigate the effect of different body part thicknesses on radiation dose and IQ for digital pelvic radiography. Two studies by Sebastian et al., in 2007 and 2008, explored the effect of patient size on IQ and patient dose when using CT. 54, 55 Unsurprisingly, study results suggested that to maintain IQ at constant levels required higher radiation doses. 54 Another study was conducted to identify the impact of imaging overweight and obese people on dose during radiographic examinations. 5 Within this phantom study chest and abdomen examinations were evaluated and five different body shapes were simulated. Findings were similar to our study. Increasing the radiation energy reduced the radiation dose, but adversely effected image contrast. 5 Adding 25 cm of the fat around the abdomen increased effective dose by 40 times. Our results indicate that by adding 15 cm fat the radiation dose increased by 156% at 70 kVp. However, when using 110 kVp the percentage dose difference between 0 cm and 15 cm was lower (37%).
Limitations
There are several limitations from our study. Using an anthropomorphic phantom is not fully representative of the human body since it lacks anatomical and pathological variation. Furthermore, the study was conducted using only a single digital radiography (DR) system and there are still some centres using computed radiography (CR) and/or alternative DR technologies. Tube potential was the only acquisition parameter investigated and greater understanding on the effects of SID, grid selection and AEC chamber configuration are warranted. Changes in the quantity of visceral fat between the organs was not included within the phantom design or dose modelling. We have reviewed the literature with regards to the use of PCXMC and similar Monte Carlo based dosimetry software. In the publication by Clark et al. (2010) increasing phantom size was not shown to effect the position of internal organs and that they would only be covered by layers of adipose tissue. 26 The authors concluded that only minor differences in backscattered radiation would result. In their work it was clear that additional tissue was added to the periphery of the phantom (as in our work). We acknowledge that designing a computational model which simulates the additional fat geometry described in our work would be advantageous but would also be complex and require specialist computational expertise.
Conclusion
Acceptable IQ was evident across a wide range of acquisition factors, optimum IQ was obtained at 70 and 75 kVp for all fat thicknesses. This is at variance with professional practice where there is a tendency for radiographers to increase kVp as patient thickness increases. When radiation dose is a primary factor, the authors suggest that a high kVp could be used for radiography of the pelvis when presented with increase body part thickness.
Clinical indications for pelvis radiography should be carefully reviewed by the radiographer prior to the examination so that the optimum tube potential for the examination can be identified. If the clinical question requires a high level of detail e.g. primary pathology detection then images may be obtained at lower tube potentials whereas for follow-up a higher tube potential could reduce the dose but with a slight reduction in image quality, but still be diagnostic.
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